The introduction of non-native species represents unprecedented large-scale experiments that allow us to examine ecological systems in ways that would otherwise not be possible. Invasion by novel ecological types into a community can press a system beyond the bounds normally seen and can reveal community interactions, local drivers and limits within systems that are otherwise hidden by coevolution and a long evolutionary history among local players, as well as local adaptation of species. The success of many invaders is attributed to their ability to thrive in a wide range of habitat types and physical conditions, setting the stage for direct examination of ecological impacts of a species across a range of habitat and community contexts. Bivalves are well-known ecosystem engineers, especially oysters, which are the target of wild-caught fisheries and aquaculture. The Pacific oyster, Crassostrea gigas, is grown worldwide for aquaculture, and is presently invading shores on virtually every continent. As a consequence, this non-native species is having large impacts on many systems, but the types of impacts are system specific, and greatly depend on substrate type, how physiologically stressful the environment is for intertidal zone species, and the presence of native engineering species. A novel type of engineering effect is identified for this non-native species, whereby it alters not only the physical environment, but also the thermal environment of the community it invades. The impacts of engineering by this non-native species will depend not only on whether it facilitates or inhibits species but also on the trophic level and ecological role of the species affected, and whether similar ecological types are found within the system.
Introduction
The concept of ecosystem engineering was first articulated by Jones et al. (1994) , and since that time it has been used to describe a wide variety of impacts of species on the communities and ecosystems in which they live (recently reviewed by Cuddington et al. 2007 ). Ecosystem engineering generally includes some modification of the physical environment by an organism or its activities, which then has large impacts on the other organisms within that system or organism and on system interactions and processes. The past 16 years has seen an escalation in studies of ecosystem engineering from empirical documentation of engineering effects, to more recent efforts to model and generalize types of expected impacts of engineering species on different systems as well as across systems (e.g., Cuddington et al. 2007; Hastings et al. 2007; Bouma et al. 2009, and references therein) . Recent studies have also examined the predictability of engineering impacts across spatial and temporal scales within and among systems Hastings et al. 2007) . Increasingly, there is recognition of the likely importance of context-dependence in engineering effects, especially when engineering activities modify the physical environment rather than when engineering effects are through trophic impacts Bouma et al. 2009 ). Although many ecosystem engineers are likely to have contextdependent effects, predictions about the characteristics of systems in which context-dependence of engineering impacts would be expected are needed.
The introduction of non-native species is considered to be one of the greatest threats to natural biodiversity worldwide, including in marine communities (Carlton 1989 (Carlton , 1996 (Carlton , 1999 . The introduction of non-native species also represents unprecedented large-scale experiments that allow us to examine ecological systems in ways that would otherwise not be possible. Invasion by novel ecological types into a community can press a system beyond the bounds normally seen and can reveal interactions, local drivers, and limits within communities that are otherwise hidden by coevolution and by a long evolutionary history among local players, as well as by local adaptation of species. The wide range of habitat types, local diversity and ecological interactions experienced by non-native species when they are introduced provides an excellent test of the context-dependence of ecological interactions and responses of communities and systems. In addition, the success of many invaders is attributed to their ability to thrive in a wide range of habitat types and under different physical conditions, thereby setting the stage for direct examination of ecological impacts of a species across a range of habitats and communities. Some of the most notorious aquatic invaders, such as the zebra mussel (Dreissena polymorpha) have welldocumented engineering impacts (Karatayev et al. 2002) , and many introduced aquatic species have been identified as ecosystem engineers, especially bivalves (reviewed by Sousa et al. 2009 ).
Bivalves as ecosystem engineers
Among marine taxa, bivalves are particularly well-recognized ecosystem engineers, especially those that form dense beds, like mussels, or reefs, like oysters (Ruesink et al. 2005; Bouma et al. 2009 ). Bivalve shells can facilitate many species by providing new substrates for many species to colonize, increasing the total area available for settlement by sessile as well as by mobile species. When they occur in soft-sediment habitats (such as sand or mud), they create hard habitat for species, allowing more types of species to be present than one would otherwise see (Lang and Buschbaum 2010) . When in dense aggregations, bivalves can create 3D habitat in an otherwise 2D landscape. This 3D, biologically generated habitat can act as a spatial refuge for many species, providing an escape from consumers. It can also alter the local flow regime, and can thus provide a space with a very different hydrodynamic environment (Widdows et al. 2009 ) that can affect larval recruitment, as well as produce an altered feeding environment for suspension feeders, or the accumulation of sediments for deposit feeders. This 3D matrix can also trap water and provide a refuge from desiccation for many species. The presence of reefs or beds of bivalves can alter local hydrodynamics in general, slowing water flow close to the substrate while altering surface roughness and turbulence across the top of the bed or reef (Folkarda and Gascoigne 2009 ) and can produce shelter for other species (O'Donnell 2008) . Bivalve engineers can also alter local dynamics of nutrients and sediments. They can alter biogeochemical cycles as well as the dynamics of mineralization due to the large amounts of calcium carbonate deposited in their shells (Dame 1996) . These effects can be extreme for species such as oysters with large, dense shells, especially those that form reefs. Reefs are persistent, lasting long after the animals that created them have died (Mann et al. 2009 ). Fossil reefs are common, and can even form the basis of bioherms; thus, the engineering effects of bivalves can have a lasting effect on the environments in which they develop (Mann et al. 2009 ). By forming large, mineralized structures, reefs can alter patterns of movement by sediments, and stabilize sediments (Dame 1996) . By reducing erosion and increasing sedimentation rates, oyster reefs have been found to have positive effects on salt marshes, and can be used as tools for stabilizing and restoring marshes (Luckenbach et al. 1999; Schulte et al. 2009 ).
Bivalves are very effective suspension feeders and are notorious for filtering vast amounts of water; thus, they can have large effects on the water columns in which they occur. Bivalves must filter water both for feeding and respiration; therefore they pump large volumes of water with cilia on their large, specialized gills, ctenidia, which also sort and collect (and reject) particles for feeding. Bivalves are selective feeders (Shumway et al. 1985) , but are effective at removing many different suspended particles from the water (Ward et al. 1997) . Selectivity and efficiency of retention and consumption of particles tends to be species specific (Ward and Shumway 2004) . In general, rejected particles are bound in mucus and expelled as pseudofeces. Thus, bivalves alter most concentrations of particles in the water, not just particles that are used for feeding (Dame 1996) . As a result, high densities of bivalves can clear the water column of particulates and increase transparency, which in turn can benefit light-limited species. Selective removal of taxa from the phytoplankton can alter the composition and dynamics of the phytoplankton community as well (Prins et al. 1998) . At the same time, particulate matter removed from the water column is deposited on the benthos, altering the organic content and grain size of sediments, as well as the accumulation rates of sediment. Changes in these rates and the quality of sediment can alter biogeochemical cycles, and alter habitat suitability for benthic species.
Because of the great potential for bivalves to have ecosystem engineering impacts, and because they are especially abundant among aquatic invaders (Karatayev et al. 2009 ), they are of special concern when they are introduced into habitats where they are not native. At the same time, they provide a direct opportunity to examine the consequences of engineering in a wide range of habitats, including those in which such engineering species have no long-term evolutionary history, as well as in which native engineers are found, but have different biology or engineering impacts.
Crassostrea gigas Thunberg, 1793
The Pacific oyster, C. gigas, is presently the most widely grown bivalve in aquaculture around the world (www.fao.org/fishery/species/3514/en), and it is an important nuisance species in marine systems (Klinger et al. 2006; McKindsey et al. 2007) . Oyster aquaculture has a very long history, dating back to the Romans, and the movement and introduction of non-native species for aquaculture has been practiced for over a hundred years (FAO 1997; Ruesink et al. 2005; McKindsey et al. 2007 ). Such movement of species has also included the introduction of the many species associated with oysters, from macro species to microparasites, including disease agents, and harmful algae (Mann 1979; Carlton 1989 Carlton , 1996 Carlton , 1999 . Charles Elton (1958) noted in his now classic book on species introductions that oysters are particularly important for the spread of non-natives. He is quoted as saying: ''But the greatest agency of all that spreads marine animals to new quarters of the world must be the business of oyster culture, a very ancient and world-wide craft . . . ''. He goes on to say that ''Two features of oyster culture have deeply affected the spread of species. One is letting the free-swimming oyster spat settle on artificial surfaces . . . . The Second is to bring foreign oysters . . . '' and ''The moving about, without particularly stringent precautions, of masses of oysters was bound to spread other species as well''.
There have been many reviews of the history of the development of aquaculture, and recently many focusing on C. gigas (e.g., Shatkin et al. 1997 and references therein; Kurlansky 2006) . Initially, the majority of introductions of C. gigas were for replacement or as an alternative for a collapsed fishery of a native oyster. Crassostrea gigas was initially introduced to the Pacific coast of North America from Japan in 1903, to replace the fishery for the native Olympic oyster, Ostrea lurida. The Olympic oyster forms reefs, but is small bodied, grows slowly, and has limited fecundity and low potential for dispersal. Once commercial harvesting began in earnest, local populations were rapidly decimated, and a replacement oyster was sought to maintain the growing oyster industry, and to supply oysters to the eastern USA, where native populations of Crassostrea virginica were suffering from over harvest. Similar stories were played out around the world, as populations of native oysters were overharvested, and the demand for shellfish increased. The rapid growth of C. gigas under a wide range of environmental conditions, and the development of techniques for aquaculture and hatcheries allowed the commercial fishery for this species to continue to grow rapidly. In 2007, the global capture production of C. gigas was 34,582 tonnes (primarily in East Asia), and production from aquaculture exceeded 4,233,000 tonnes (www .fao.org/fishery/species/3514/en).
Unlike other well-noted invasive species such as the zebra mussel, Dreissena polymorpha, C. gigas has not been introduced through ballast water or shipping (but see Fletcher and Manfredi [1995] and Eno et al. [1997] regarding the transport of C. gigas to Britain from France by the fouling of ships). Rather, introductions of this species have been primarily through escapees from aquaculture.
Crassostrea gigas, is presently one of the most notorious nuisance species that has been introduced in marine waters, and frequently appears on lists of the 100 worst invaders (www.europe-aliens.org/ speciesTheWorst.do). The Pacific oyster continues to invade shores around the world, and is currently an invader in Australia, Belgium (North Sea), Canada ( Typical introductions of aquatic species are most commonly through shipping activities and discharge of ballast water, and the larval stages of macroinvertebrates tend to be the life phase introduced. This contrasts with species grown for aquaculture, which are deliberately introduced to new environments in very large numbers (tens of thousands to millions of individuals in one locale), and are cared for and grown, typically to reproductive size. Therefore, recent attention has been focused on species grown in aquaculture as potential invaders (e.g., McKindsey et al. 2007) .
For some species grown in aquaculture, such as for C. gigas, deliberate attempts have been made to establish reproductive populations in new locations (Mann 1978 and references therein; Quayle 1988) with the intent to establish feral populations that would spawn regularly, maintaining local, dense populations with high enough recruitment to maintain a healthy industry. Such populations could also be used to produce seed for aquaculture grow out, especially in areas where the waters are too cold for C. gigas to spawn (Quayle 1988) .
Spawning does not occur in C. gigas until waters warm to $208C (Quayle 1988) , but animals grow well in colder water, leading some to believe that if this species were introduced into areas of cold water it would not be able to escape cultivation. However, with recent climatic change, warmer waters are allowing C. gigas to expand and reproduce in many areas where it previously could not (Thieltges et al. 2009 ). In some areas, such as Brazil, the waters were believed to be too warm for establishing wild populations, but feral populations of oysters have been found among native oysters (Melo et al. 2010) .
Crassostrea gigas has extremely high fecundity, and females can spawn tens to hundreds of millions of eggs each year, and individuals can live for decades. Thus, although individuals may not have successful reproduction in a single year, because of their longevity, populations can persist even with infrequent successful reproduction. The larvae are in the water for 15-25 days, depending on temperature (Quayle 1988) . A long larval phase allows for distant dispersal from natal populations, opening the door to invasion of areas where spawning is not possible (Diederich et al. 2005) . Established feral populations of C. gigas have been found to spread via larval dispersal. Larvae can travel over 1000 km on ocean currents (Brandt et al. 2008 ) and often settle in large numbers in areas quite distant from the initial site of introduction. Dispersal of larvae allows new populations of adults to be established and maintained in areas too cold for local reproduction (Schmidt et al. 2008) . Although population sinks are created in these habitats, with repeated larval transport from elsewhere and the longevity of individuals, local populations can be maintained that have large and lasting ecological impacts, even without local reproduction.
Engineering impacts of C. gigas invasions
The widespread and intensive nature of C. gigas aquaculture has led to a great number of studies investigating the impacts of this practice in general (reviewed in Diana 2009), as well as the impacts of different methods of aquaculture on the environment (Forrest et al. 2009) , and the development of regulations to minimize the impacts of aquaculture (e.g., FAO 1995) . Less well studied are the impacts of species grown for aquaculture that have spread beyond the place, where they were cultivated and where they are invaders or have established feral populations.
Given the importance of C. gigas as an invader, the large number of widespread introductions of this species, and its impacts on other commercially important species, surprisingly few quantitative studies have documented the impacts of this invasive oyster, and even fewer have used experimental approaches to examine engineering impacts (Table 1) . Crassostrea gigas has been introduced to every continent except Antarctica, and has invaded shores on all major oceans and seas. It has been introduced to virtually all types of marine habitats, and it is clear from what information does exist that the engineering impacts of C. gigas vary, and are quite context-dependent.
In general, C. gigas does not build reefs such as those produced by other engineering species like the eastern oyster, C. virginica. C. gigas prefers to settle on hard substrata, but will settle on other bivalves such as blue mussels and on polychaete reefs (Dubios et al. 2006; Nehls et al. 2006; Kochmann et al. 2008; Markert et al. 2010) where rocky substrates are scarce. It is found in the mid-intertidal and subtidal zones within its natal distribution and in the areas it invades. By growing over hard substrata this oyster will overgrow the native community of sessile invertebrates and algae, and can even overgrow and replace mobile species such as mussels (Kochmann et al. 2008) . If rocky or hard substrate is limiting, oysters can settle and grow in dense clusters attached to small hard objects, including loose shell, or the shells or tubes of other species. These dense clusters create 3D habitat that provides substrate and refuge for species not typically found in a soft-sediment habitat (e.g., Kochmann et al. 2008 ; Table 1 ).
The majority of the research on the impacts of invading C. gigas has been conducted in Europe where blue mussels, Mytilus edulis, are abundant, and are surrounded by soft sediment, such as in the Wadden Sea (Smaal et al. 2005; Diederich et al. 2005; Diederich 2006; Nehls et al. 2006; Brandt et al. 2008; Schmidt 2008; Markert et al. 2010) . Oysters attach to mussel shells and also form local aggregates, attaching to whatever hard substrates may be available (Diederich 2006) . Within this region, the spread of oysters is likely facilitated by climatic change and higher water temperatures (Diederich et al. 2005; Nehls et al. 2006; Buttger et al. 2008; Dutertre et al. 2010) . Crassostrea gigas mineralizes a great deal of shell material that is resistant to dissolution and can alter the physical structure of soft-sediment habitats.
Engineering the thermal regime
Most types of engineering impacts associated with marine taxa, particularly bivalves, concerns the creation or alteration of physical habit, an alteration of local sediment and biogeochemical processes, the impacts of filtering suspended particles on light penetration, benthic/pelagic coupling, or composition of the phytoplankton community. Another potentially important engineering effect is altering the thermal regime, especially in environments in which physiological stressors such as heat and desiccation play an important role in structuring local communities (Menge et al. 2002; Helmuth et al. 2006) , such as the San Juan Archipelago in northern Puget Sound (Williams and Dethier 2005) .
Although C. gigas has created feral populations in some locations in the lower Puget Sound in Washington State, and especially in British Overgrow native oyster at mid-and low-shore levels, native protected from competitor in the high shore, where physiological stress impacts C. gigas more than the native Krassoi et al. 2008 High physiological stress Wave swept, low physiological stress
Mytilus californianus beds nearby
Crassostrea gigas in low density, direct overgrowth of benthic species
Ruesink 2007
Rocky shores and marshes
Increase epifauna, infauna, habitat structure, depth of sediment, sediment stability, bird foraging rate Escapa et al. 2004 Columbia, Canada, such populations have been limited due to the cold water of most areas within this region (Quayle 1988) . Within the San Juan Archipelago in northern Puget Sound, C. gigas began invading in the mid-1990s (Klinger et al. 2006 ). Recruitment appears to be from larval transport rather than from local production, is on going, and dense populations of oysters can be found in some areas. In addition, this oyster is more abundant within marine reserves than in matched reference nonreserve areas, potentially affecting local biodiversity (Klinger et al. 2006 ). The shores on San Juan Island are rocky, and because the low tides during the summer are at mid-day, the community found in the intertidal zone is exposed to extreme stress from heat and desiccation (Haring et al. 2002; Helmuth et al. 2002; Williams and Dethier 2005) . This physiological stress limits the distribution of many species, which are common on the outer coast of Washington, where low tides in early morning in summer produce a more benign environment and mussel beds are a common feature of the intertidal zone (Helmuth et al. 2002) . Thus, the invasion by C. gigas has the potential to have engineering impacts on this environment if it were to occur in high densities. Even at low densities, because C. gigas cements to the rock, as is found on other rocky shores (Krassoi et al. 2008) , it will overgrow the local inhabitants, and produce a new type of substrate for colonization. It appears that a very different community occupies the top of oyster valves as compared with the original community that was over grown (D.K. Padilla and S.M. Gray, unpublished data). These oysters produce a relatively white shell, while the rocks in this area are dark, and likely to absorb more radiant energy. Temperatures of rocks on these shores regularly exceed 408C during summer time low tides, and have been measured higher than 508C (D.K. Padilla, unpublished data). Thus, the oysters may engineer the thermal regime experienced by organisms in this community. Grazers, in particular limpets, which are known to affect local seaweed abundance, appear to be in higher abundance than usual on and around oysters. It is known that many species of limpets are sensitive to heat and desiccation, and that their physiological temperatures are driven by the temperatures of the substrates they inhabit Denny et al. , 2009 Miller et al. 2009 ). Therefore, I hypothesized that due to their light colored shell, oysters might provide a thermal refuge for limpets by reducing the local surface temperatures and allowing limpets to attain higher densities.
To test whether the temperature of the surface of oysters was different than that of the rock surface, oysters were paired with rocks with which they were matched in size and shape. Pairs of oysters and rocks were exposed to the air for 6 h/day (the average exposure during low tide at this time of year). The average of five measures of surface temperature (Alltrade infrared digital thermometer #480742) was recorded on 12 different days over a 4-week period. On average, the oysters were cooler than the rocks (Fig. 1 , n ¼ 15 pairs, 12 days, Paired t-test, P50.001). The maximum daily temperature across all rocks on all days was 568C, while for the oysters it was 488C. Across the entire time period, on average oysters were 3.38C cooler than their paired rocks. The maximum daily difference in temperature between matched pairs of oysters and rocks was 68C.
To assess whether the reflectance of the oysters could be responsible for the observed differences in temperature, I measured the percent light reflectance of light from oysters and their paired rocks (Ocean Optics OOIBase 32, Model TJT 1000 CE) from 320 to 880 nm. The rocks reflected significantly less light (average 1.3 AE 1.7% reflectance, n ¼ 28) than the oysters (25.4 AE 5.7% reflectance, n ¼ 28) (ANOVA on arcsine transformed data, P5 50.001). The ability Fig. 1 On average, oysters were cooler than rocks with which they were paired. Oysters were matched by size and shape with rocks, and pairs were exposed to air for 6 h each day. The x-axis is the surface temperature of each oyster and the y-axis is the temperature of its paired rock. Fifteen pairs of oysters and rocks were measured on 12 different days. The diagonal line indicates equal temperature for the oyster and the rock. Points above the line indicate that the rock was hotter than the oyster, and those below the line indicate the oyster was hotter than the rock. The minimum temperature recorded for an oyster was 118C and 10.78C for a rock. The maximum temperature recorded for an oyster was 488C and 568C for a rock. Most of the points fall above the one-to-one line, indicating that the rocks were hotter than their paired oysters.
of oysters to reflect 25 times more radiant energy than rock surfaces likely contributes to the ability of oysters to remain cooler than rocks when exposed during low tides.
To test whether the difference in thermal environment was correlated with differences in the abundance of limpets, I quantified the relative abundance of four species of limpets on and near oysters and far from oysters on rocks in the mid-intertidal zone. Limpets were counted on paired large rocks (too large to be moved by regular water motion) on a cobble shore in the Friday Harbor Laboratories marine reserve (48823 0 45.03 00 , 123800 0 43.49 00 ). One rock of each pair had at least one oyster and the other was without oysters. The number of limpets was counted in a 10 Â10 cm quadrat including an oyster or in a similar position on the rock without the oyster. Each pair was far enough apart and isolated such that limpets could not move between rocks. I found a total of four species of limpets: Lottia strigatella, L. pelta, L. scutum, and L. digitalis. Limpets were more abundant in the quadrats on and around the oysters (n ¼ 10, average 22.4 AE 0.5 limpets/100 cm 2 ) than in those on rocks (n ¼ 10, average 7.5 AE 0.4 limpets/ 100 cm 2 ) far from oysters (G-test, P5 50.001; Fig. 2 ). Lottia strigatella was the most abundant limpet in both habitats, and was three times more abundant when associated with oysters than on isolated rocks (20.2 AE 0.5 versus 6.5 AE 0.4/100 cm 2 ). Lottia pelta was second most abundant (1.9 AE 0.1 versus 1 AE 0.1/100 cm 2 ), and was also significantly more abundant in the quadrats with oysters than in the rock-only quadrats. A single L. scutum and two L. digitalis were found in the quadrats containing oysters; neither of these two species were found in the quadrats without oysters. Preliminary experiments indicated that these limpets have higher survivorship and growth in the intertidal zone when living on oysters than when restricted to rock surfaces without oysters (D.K. Padilla and M. Aguilar, unpublished data).
Context-dependent engineering effects
In marine environments, the effects of ecosystem engineers on biodiversity has been examined in different types of habitats, and especially areas with different substrate types, both soft and hard substrates (Coleman and Williams 2002; Bulleri et al. 2006; Coleman et al. 2010) . It is often asserted that the effects of ecosystem engineers will be context dependent, but it is relatively rare to find clear examples demonstrating this phenomenon. For example, it has been predicted that the impacts of ecosystem engineers in coastal sedimentary communities will depend on whether the engineer is infaunal or epifaunal, and the relative importance of stress in the environment ). It has also been suggested that, in general, infaunal communities should be very resilient in the face of invasion, and that epifaunal communities should be more resistant, but less resilient (Smaal et al. 2005) . If that is the case, then impacts of an invader such as C. gigas should be local and ephemeral for infaunal communities, but epifaunal communities would be more fragile (Fig. 3) . When invaded by high densities of oysters, the system should switch to a new stable state (Smaal et al. 2005 ). The extremely wide range Fig. 3 A conceptual model of the predicted resilience of the system and biodiversity impacts of C. gigas, at low and high densities, in soft sediment and rocky shore habitats. Resilience is a measure of how quickly a system returns to its original state once a stressor is removed. Facilitation may be produced through providing substrate or refugia, including protection from or amelioration of physiological stress. The direction and number of arrows indicate the type and magnitude of the predicted effect. of habitats and types of communities that have been invaded by C. gigas, which are much more broad than the habitats and communities in which this species is found in its native range, provide a rare opportunity to explore such potential context dependence (Table 1) . But, direct experimentation, including small and large scale removal of this invader is needed in a range of systems and locales to test this hypothesis.
The majority of research that has been carried out on the impacts of invasion by C. gigas have been conducted in Europe, primarily in the Wadden Sea, where it is impacting the native mussel, Mytilus edulis, which is an economically important species as well as an ecologically important ecosystem engineer (reviewed in Buschbaum et al. 2009 ). In Europe wild populations of the native oyster, Ostrea edulis, have been over fished; thus, this species is now grown primarily in aquaculture. Large wild populations of O. edulis are rare and are not predicted to be impacted by C. gigas. In many ways the engineering impacts of blue mussels (Buschbaum et al. 2009 ) and C. gigas are similar, but may differ in some details (Table 1) . Both are suspension-feeders, change the characteristics of sediment, provide shelter for other species, and alter the environment, thereby allowing a different assemblage to live in their environment than would otherwise be there. When in high densities, C. gigas has the ability to displace native mussels.
If the native bivalve engineer provides many of the same engineering functions as the invader, especially the facilitation of other species by providing habitat or refugia from consumers or physiological stress, the impacts of C. gigas on the local diversity are more likely quantitative than qualitative (Fig. 3) . If, however, the local ecosystem engineers provide qualitatively different kinds of ecosystem services, then the impacts of the introduction of an ecosystem engineer, such as C. gigas, is likely to have greater impacts on the community, and produce greater changes in the species that are either facilitated or inhibited by their activity. If C. gigas primarily facilitates consumers, either by providing new habitat, spatial refugia or protection from physiological stress, the result will likely be a decrease in local diversity (Fig. 3) .
Reef-forming polychaetes have very different engineering impacts that do suspension-feeding bivalves, and thus overgrowth of such reefs by C. gigas has a very dramatic effect on the local community and alters community composition qualitatively (Dubios et al. 2006) . Similarly, eelgrass is an important ecosystem engineer, but has very different engineering effects than do bivalves, and constitutes a qualitatively different type of habitat than that provided by oysters or other bivalves. Proximity to oysters was found to have a deleterious effect on eelgrass populations as well as the community associated with eelgrass beds (Kelly and Volpe 2007; Kelly et al. 2008) . Thus, the presence of C. gigas impacted the community both quantitatively, by reducing the abundance of eelgrass, and qualitatively, by altering the physical conditions effecting changes in the local biota (Kelly and Volpe 2007; Kelly et al. 2008) .
The impacts of invasion by C. gigas are not always negative for native engineers. For M. edulis, most studies have focused on the negative impacts of overgrowth by C. gigas, especially when at high densities (Table 1) . However, it has also been found that C. gigas can act as an alternate host and a sink for parasites of M. edulis (Thieltges et al. 2009 ). Thus, the presence of the invader reduces the infection rate and load of parasites in the native mussel, thereby reducing transmission of the parasite. At present it is not known if at very high densities C. gigas could increase the overall parasite population, making it more persistent in the system (Thieltges et al. 2009) .
Although at present, we are lacking examples in which C. gigas has invaded soft-sediment habitats where there are no native ecosystem engineers, the impacts on local diversity in these systems is predicted to be similar to that of soft-sediment systems with native engineering species (Table 2 and Fig. 3) . The presence of oysters will create hard habitat for sessile organisms, including macroalgal species, barnacles, bryozoans, sponges, and other species typically not found in soft sediments. If dense, they will also provide three-dimenstional space that can provide refugia and habitat for motile organisms, as well as protection from desiccation and possibly heat stress. They are likely to encourage the development of complex assemblages of many types of invertebrates and algae atypical of soft-sediment habitats.
Crassostrea gigas generates large, dense shells that accumulate in the habitat as animals die. In general, it is assumed that such accumulations would alter local soft-sediment communities. However, in a lagoonal system in Australia, Nicastro et al. (2009) demonstrated that even high concentrations of oyster shells do not affect community dynamics in this system. More comparative studies of different types of soft-sediment habitats are needed to determine whether this lack of effect is a general phenomenon, and to ascertain the factors that make this system resistant to the effects of C. gigas.
The preferred habitat of C. gigas is on rocky shores. However, there have been few studies of the Table 2 Predicted engineering and nonengineering impacts of invasion by C. gigas on intertidal marine habitats when invading at low or at high densities. For physiologically stressful environments, changes in diversity are likely to depend on whether C. gigas facilitates primary producers or consumers, with increased diversity if suspension feeders or primary producers are facilitated, while decreases in diversity will be expected if consumers experience facilitation Increase sedimentation, change sediment characteristics, alter local species composition and increase diversity of novel ecological types for system High Mussels Settle on mussels, local overgrowth, local, moderate impacts on diversity, increased facilitation of stress sensitive species Displace mussels, increase sedimentation, increase local diversity, alter species composition, especially increased facilitation of stress sensitive species Increase sedimentation, decrease seagrass, decrease seagrass community diversity, alter local species composition, increase diversity of stress sensitive species None Local impacts, increase diversity with novel ecological types for system, especially stress sensitive species
Increase sedimentation, change sediment characteristics, alter local species composition and increase diversity of novel ecological types for system, especially increase stress sensitive species Rocky Low Mussels Local overgrowth of benthic species, local moderate to no impacts on diversity Overgrow benthic species, displace mussels, increase sedimentation, increase local diversity, alter species composition especially for species that use spatial refuge and accumulated soft sediment Oysters Settle on oysters, local overgrowth of benthic species, no impacts on diversity Overgrow benthic species, displace oysters, increase sedimentation, small to no impacts on diversity except overgrowth None Local overgrowth of benthic species, local moderate impacts on diversity
Overgrow benthic species, alter species composition, increase diversity of species that use spatial refuge and accumulated sediment High Mussels Local overgrowth of benthic species, local impacts on diversity, increased diversity of species sensitive to stress Overgrow benthic species, displace mussels, increase sedimentation, increase local diversity, alter species composition especially for species that use spatial refuge and accumulated soft sediment, increase species sensitive to stress Oysters Settle on oysters, local overgrowth of benthic species, no impacts on diversity Overgrow benthic species, displace oysters, increase sedimentation, small to no impacts on diversity except overgrowth and facilitation of stress sensitive species None Local overgrowth of benthic species, local impacts on diversity, increase in stress sensitive species
Overgrow benthic species, alter species composition, increase diversity of species that use spatial refuge and accumulated sediment, facilitate species that are sensitive to stress effects of invasion in this type of habitat. Effects may vary depending on the physiological stress of the environment, the presence of other engineering species, and the stress tolerance of the native engineer. In Willapa Bay, Washington, the native oyster is small bodied, relatively slow growing, and very sensitive to thermal and desiccation stress (Trimble et al. 2009 ).
Crassostrea gigas is large bodied, fast growing and very tolerant of stress. Although it is not known what the ecological impacts of C. gigas are on the local community, the presence of C. gigas shells attract settlement of the native, O. lurida, in habitats that are too physiologically stressful for survival. Thus, C. gigas acts as an ecological trap, inhibiting the native oyster (Trimble et al. 2009 ). In Australia it is the native oyster that is more physiologically tolerant than the invader. Crassostrea gigas overgrows and displaces the native Sydney rock oyster in the mid-intertidal and low intertidal zones, where conditions are more physiologically benign, but is unable to tolerate the stress of the high intertidal zone where the native species has a refuge (Krassoi et al. 2008) . Again, we do not know whether the displacement of the native rock oyster has large effects on the community, or whether the engineering impacts of the two species are similar enough that community-wide effects are small. Modification of the thermal environment is another important engineering effect of C. gigas. This effect will likely be most important in environments where heat and desiccation stresses are presently important drivers of local community structure, and will become more important as we see changes in climate and local temperatures along shores. Thermal refugia can be created through providing 3D habitat that ameliorates the thermal and desiccation stress experienced by species that use such space. The complex habitat structure created can trap water or sediment that holds water, thereby providing cooler, moist microhabitats for species, promoting greater local diversity. In the case of the oyster invasion in the San Juan Islands, the oysters are too sparse to form complex habitats but they maintain a cooler surface than the rocks to which they are attached, thereby providing a local thermal refuge for species.
Facilitation of other species by providing structural habitat, or altered habitat conditions (such as hard substrate in soft-sediment environments, accumulations of soft sediment in a rocky environment, refugia from physiological stress or predation) is usually thought to increase local diversity (Hacker and Gaines 1997; Bouma et al. 2009 ). If primary-producing species are facilitated, it will increase local productivity and can increase the number of species supported in a system, as is seen for the facilitation of algal diversity by C. gigas (Lang and Buschbaum 2010) . Similarly, the facilitation of sessile suspension feeders that required hard substrates for settlement should increase local diversity (Fig. 3) . If consumers are facilitated, they may remove the competitive dominants if they are selective, thereby allowing an increase in local diversity. Or, if space or food are limiting, they may consume most prey, leaving only the most resistant species. Therefore, the effects on biodiversity through such facilitation will greatly depend upon the trophic level of the species most affected by the facilitation (Fig. 3) .
When a novel ecological type is introduced into a new environment, such as the invasion of C. gigas in communities that do not have a similar ecosystem engineer, it is very hard to predict the impacts of invasion (Table 2 ). In the case of limpets finding a thermal refuge on invasive oysters, their densities are increased far beyond that found in environments without the invader, and thus their grazing effects are far greater, and likely to decrease diversity rather than increase it overall. The context dependence of invasion by C. gigas appears to depend upon the nature of the physical environment it invades, the presence of, and type of, other engineering species in the system, the types and trophic levels of species facilitated or inhibited by engineering effects, as well as the nature of the local community invaded and the factors driving local community structure. More quantitative and experimental studies are needed for the variety of habitat types invaded by C. gigas so as to assess the relative role of each of these factors in determining the ecological impacts of this invader across systems.
